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Abstract
The application of hematite in lithium-ion batteries (LIBs) has been severely limited because of its poor cycling
stability and rate performance. To solve this problem, hematite nanoparticles with oxygen vacancies have been
rationally designed by a facile sol–gel method and a sequential carbon-thermic reduction process. Thanks to the
existence of oxygen vacancies, the electrochemical performance of the as-obtained hematite nanoparticles is
greatly enhancing. When used as the anode material in LIBs, it can deliver a reversible capacity of 1252 mAh g−1
at 2 C after 400 cycles. Meanwhile, the as-obtained hematite nanoparticles also exhibit excellent rate performance
as compared to its counterparts. This method not only provides a new approach for the development of hematite
with enhanced electrochemical performance but also sheds new light on the synthesis of other kinds of metal
oxides with oxygen vacancies.
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Background
Because of its high theoretical capacity, natural abun-
dance, and environmental friendliness, hematite (α-Fe2O3)
has been regarded as a promising anode material for
lithium-ion batteries (LIBs) [1–4]. However, the practical
application of hematite is greatly limited because of its
low conductivity, large volume variation, and easy aggre-
gation during the discharge/charge process [5–9]. To
overcome these drawbacks, two main methods are
employed. The first method concerns on the synthesis of
nano-sized iron oxides with different structures, which
will shorten the transportation distances of electron and
Li+. The second method focuses on elevating the conduct-
ivity of hematite, which is mainly realized by forming the
composite between hematite and materials with high
electronic conductivity [10–14]. Despite these progresses,
a simpler method for the preparation of hematite with
enhanced electrochemical performance is still needed
when considering its practical uses.
The introduction of oxygen vacancies into metal oxides
has been proved to be an effective method to modulate
the intrinsic electrochemical properties of the metal ox-
ides [15, 16]. The existence of oxygen vacancies could
effectively change the electronic structure of the metal ox-
ides, reduce the energy requirement for electron or ion
diffusion, and lower the resistance, which could be benefi-
cial to improve the electrochemical performances of the
metal oxides [17]. What is more, previous reports also
clearly indicate that the existence of oxygen vacancies
could facilitate the phase transition and reduce the stress
during Li+ insertion/depletion, which will be helpful to
improve the rate performance as well as the cycling stabil-
ities of the electrode materials. Oxygen vacancies could
also provide more physical space for Li+ storage thus
improving the specific capacity of the materials [18, 19].
For this reason, a large number of efforts have been de-
voted to the synthesis of electrode material with oxygen va-
cancies, all of which have shown enhanced electrochemical
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performance when used in LIBs. For example, Li3VO4−δ
was synthesized by annealing Li3VO4 powders in vacuum,
and the introduction of oxygen vacancies lead to the en-
hanced initial coulombic efficiency, reversible capacity, and
cycling stability [20]. The as-synthesized Li3VO4−δ delivers
a reversible capacity of 247 mAh g−1 after 400 cycles at
500 mA g−1, which is much higher than the corresponding
value of pristine Li3VO4 (64 mAh g
−1). MoO3−x nanosheets
were synthesized by oxidizing Mo powers in the atmos-
phere containing H2O2 and absolute ethanol. The as-
prepared materials exhibit fascinating reversible capacity
and long-term cycling stability (179.3 mAh g−1 at 1 A g−1)
when used as anode materials for sodium ion batteries
[18]. Anatase TiO2−δ–carbon nanotubes (CNTs) compos-
ites were prepared by a two-step CVD method. The CNT
grown on TiO2 leads to the formation of oxygen vacancies
under the reducing atmosphere, which greatly enhanced
the electrochemical performance, especially the rate
performance. The half cells cycled at 30 C can still de-
liver a capacity of more than 40 mAh g−1 [21]. V2O5
nanosheets with oxygen vacancies were also prepared
by a hydrothermal reaction [22]. The as-prepared H-
V2O5 electrode exhibits excellent cycling stability and
improved rate capability, which could be mainly attrib-
uted to the introduction of oxygen vacancies. Tong and
his co-workers proposed a facile method to generate
oxygen vacancies into the materials by slight nitridation
in NH3 atmosphere [23, 24]. Using this method, hematite
and titanium dioxide with oxygen vacancies had been suc-
cessfully synthesized and delivered enhanced cyclability
and rate performance. Additionally, TiO2 heterostructured
nanosheet was synthesized by hydrogenation process. This
kind of heterostructured nanosheet delivered a fascinating
electrochemical performance. When it was used as anode
material in full battery, the full battery could achieve high
energy and power density [25].
Thus, it is reasonable to believe that the electrochemical
performance of hematite in LIBs could be effectively en-
hanced by the introduction of oxygen vacancies. However,
few report concerning on the effect of oxygen vacancies in
hematite has been published in the field of LIBs to date.
Meanwhile, the reported method for the preparation of
oxygen defect α-Fe2O3 are usually based on the thermal
decomposition of FeOOH in the inert gas or in vacuum,
which usually needs tedious procedure and complex
equipment. In this work, we present a facile method for
the synthesis of α-Fe2O3 with oxygen vacancies via a two-
step process incorporating a sol–gel synthesis of the pre-
cursor and thermal annealing of the precursor in air. In
this synthetic route, the precursor was synthesized by a
sol–gel method and then calcined in air to yield α-Fe2O3
nanoparticles with oxygen vacancies. The partial reduction
of Fe(III) during the carbon-thermic process leads to the
formation of oxygen vacancies in the final product, which
has also been reported for the synthesis of titanium diox-
ide with oxygen vacancies [21, 26]. Compared with the
previous reports, the preparation of α-Fe2O3 nanoparticles
with oxygen vacancies is more simple, which will lower
the cost during the production process. What is more, this
method can be easily scaled up by simply increasing the
initial amount of the starting material. These two fascinat-
ing characteristics make this method suitable for the
large-scale application in the future. Thanks to the oxygen
vacancies, the electrochemical performance of α-Fe2O3 is
greatly promoted. Remarkably, the as-prepared Fe2O3−δ
still maintained a reversible capacity of 1252 mAh g−1 at
2 C after 400 cycles. Meanwhile, the as-obtained Fe2O3−δ
also exhibit excellent rate performance. Even being cycled
at 40 C, the as-prepared electrode material can still deliver
a discharge capacity of 188 mAh g−1, which is much
higher than the corresponding value than the reported α-
Fe2O3 electrode material. This synthetic method not only
provides a new method for the enhancement of hematite-
based electrode materials but also sheds a new light for
the preparation of metal oxides with oxygen vacancies.
Methods
Synthesis of Fe2O3−δ Nanoparticles
In a typical procedure, 2 mmol FeCl3·6H2O and 4 mmol
urea were dissolved in 46 mL distilled water with continu-
ous stirring. Then, 4 mL acrylic acid was added into the
as-formed yellow solution. In the next step, the mixed so-
lution was transferred into a 70-mL Teflon-lined stainless
steel autoclave and maintained at 140 °C for 12 h. After
cooling down to room temperature, the gel-like product
was collected by centrifugation, washed with distilled
water and absolute alcohol several times and then dried in
an oven at 80 °C overnight. To obtain hematite with
oxygen vacancies, the as-formed precursor was calcined at
350 °C for 1.5 h in air with a heating rate of 2 °C min−1.
Sample Characterizations
The morphology and structure of the sample was investi-
gated by transmission electron microscopy (TEM, Hitachi
HT 7700) and high-resolution TEM (HRTEM, JEOL-
2010). X-ray diffraction patterns were obtained using a
Bruker D8 Advance with Cu-Kα radiation. X-ray photo-
electron spectra (XPS) of the samples were recorded on
an ESCALAB 250. The thermogravimetric analysis (TGA)
was carried out on SDT 2960 with a heating rate of 10 °
C min−1 from 20 to 600 °C. The BET surface area was
determined on an ASAP 2460 sorption apparatus. All
the as-prepared samples were degassed at 150 °C for
10 h prior to nitrogen adsorption measurements. Elec-
tron paramagnetic resonance (EPR) tests were carried
out on a Bruker A300 spectrometer (X-band, frequency
9.43 GHz) equipped with Bruker ER4141VTM liquid
nitrogen system. The microwave power was 0.595 mW
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and modulation amplitude 3.0 G. The samples were
measured at 90 K with center field 3500 G and sweep
width 5000 G.
Electrochemical Measurements
The electrochemical measurements were performed on
coin-type cells (CR2032). The electrode was prepared
using active material, acetylene black (Super P), and
polyvinylidene fluoride (PVDF) in a weight ratio of 6:2:2.
The electrolyte was a solution of 1 M LiPF6 in a mixture
of EC:DEC (1:1 by volume). The cells were assembled in
in an argon-filled glovebox (Mikrouna, Super (1220/750/
900)) with both moisture and oxygen concentrations
below 0.1 ppm. The galvanostatic discharge/charge char-
acteristics were tested in the potential window of 0.01 to
3.0 V using a Neware battery tester. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
were tested on a CHI660E electrochemical workstation.
Results and Discussion
The hydrothermal process at 140 °C for 12 h will lead
to the formation of the gel-like precursor, which will be
used as the starting material for the preparation of
hematite with oxygen vacancies. The corresponding XRD
pattern of the precursor (Additional file 1: Figure S1a)
clearly indicates that the precursor is mainly composed of
FeOOH (JCPDS No. 29–0713), which is obtained by the
hydrolysis of Fe3+ in the solution. The TEM observation
of the precursor (Additional file 1: Figure S1b) further
confirms that the as-formed nanoparticles are wrapped in
a gel-like matrix. To get further insight into the compos-
ition of the precursor, FT-IR was employed and the corre-
sponding result is shown in Additional file 1: Figure S2.
The corresponding result clearly indicates the formation
of polyacrylic acid (PAA). The absorption bands centering
at 1634 and 984 cm−1 could be attributed to the C=C and
=CH2, respectively. And the absorption band at 1705 cm
−1 can be assigned to the C=O double bond vibration of
COOH groups [27, 28]. And the formation of PAA could
be proved according to the disappearance of the absorp-
tion bands centering at 1634 and 984 cm−1, which has
been widely reported in the previous reports [29]. Thus,
the as-obtained precursor could be regarded as a nano-
composite forming by dispersing the FeOOH nanoparti-
cles in the matrix of PAA.
For the formation of hematite with oxygen vacancies, an
in situ carbon-thermic process was employed. This
process can be divided into two steps: (i) the carbonization
process of PAA; (ii) the transformation of FeOOH to
hematite and thermal reduction of hematite with the as-
formed carbon in the first step. To understand good
control of the in situ carbon-thermic process, thermogra-
vimetric analysis was employed as a guide here (Fig. 1).
The total weight loss during the heating process is about
76%, indicating the high content of organic compounds in
the precursor. The first stage of weight loss below 150 °C
is about 12%, which can be ascribed to the evaporation of
water molecules in the gel-like precursor. A major weight
loss can be observed in the temperature range between
200 and 400 °C, which can be ascribed to the
carbonization of PAA, the decomposition of FeOOH, the
partial reduction of the as-formed hematite, and combus-
tion of the as-formed carbon, respectively. Less than 1%
weight loss can be observed as the temperature is higher
than 450 °C, indicating the burnout of carbon. The DTA
analysis curve has two exothermic peaks locating at 273
and 350 °C. The first exothermic peak can be ascribed to
the carbonization of the organic component, while the
second exothermic peak may correspond to the formation
of hematite and carbon-thermic reduction of hematite.
During the heating progress, the corundum crucible was
filled with CO2, which would provide a hypoxic environ-
ment and lead to the formation of α-Fe2O3 with oxygen
vacancies.
According to the above analysis, the carbon-thermic
reduction process during the calcination process may
also lead to the formation of impurities such as Fe3O4 or
carbon in the final product. To exclude the existence of
Fe3O4 or carbon, both XRD and Raman spectra were
employed. Figure 2a is the XRD pattern of the as-
prepared sample, on which all the diffraction peaks can
be indexed to be the rhombohedral-phased α-Fe2O3
(JCPDS No. 33–0664). No other diffraction peaks belong-
ing to C or Fe3O4 is detected, indicating high purity of the
sample. To further exclude the existence of C or Fe3O4,
the Raman spectrum was employed and the result is
shown in Fig. 2b. The peaks locating at 227, 293, 408,
496, 608, 658, and 1315 cm−1 are the typical peaks for
α-Fe2O3, indicating the formation of rhombohedral-
phased α-Fe2O3. The peaks centering at 227 and
496 cm−1 correspond to the A1g modes of α-Fe2O3,
Fig. 1 TG–DTA analysis curves of the as-prepared precursor
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while the peaks centered at 293, 408, and 608 cm−1 can be
assigned to the Eg modes of α-Fe2O3 [30]. The peak locat-
ing at 658 cm−1 could be attributed to the disorder effects
or the presence of hematite nanocrystals [31, 32]. The
broad peak centered at 1315 cm−1 can be assigned to the
two-magnon scattering which results from the interaction
between two magnons [33]. No peaks can be found at
1350 and 1580 cm−1, which indicates the absence of car-
bon in the sample [34]. Meanwhile, the typical Raman
peaks for Fe3O4 are also not detected, indicating that the
as-obtained sample is α-Fe2O3.
The overall XPS spectrum of the as-prepared sample is
shown as Fig. 3a, which clearly reveals the presence of
oxygen vacancies in the as-obtained product. As it is
shown in Fig. 3b, the peak centering at 710.8 and 724.3 eV
are the characteristic peaks of Fe3+ in hematite [35–38].
The existence of oxygen vacancies in the as-prepared sam-
ple can be proved according to the XPS spectrum of O1s
Fig. 2 a XRD pattern of the obtained sample. b Raman spectra of Fe2O3−δ
Fig. 3 a The wide-survey, b Fe 2p, and c O 1s XPS spectra of Fe2O3−δ. d EPR spectra of Fe2O3−δ collected at 90 K, where H is the magnetic field
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(Fig. 3c). The peak locating at 529.4 eV could be as-
cribed to the lattice oxygen of hematite, while the peak
centering at 532.1 eV is associated with the oxygen
vacancies in hematite [39–42]. To further confirm the
existence of oxygen vacancies in the as-prepared mate-
rials, EPR spectra of Fe2O3−δ was employed (Fig. 3d).
For comparison purpose, the EPR spectrum of the
commercial α-Fe2O3 is also recorded. As it is shown in
Fig. 3d, the commercial α-Fe2O3 shows EPR signals at
g = 2.0 and g = 4.3, which could be attributed to Fe3+
ions coupled by exchange interactions and Fe3+ ions in
rhombic and axial symmetry sites, respectively [43, 44].
Because Fe2+ ions are not directly involved in the EPR
absorption, it only shows a single broad resonance line
centered at about g = 3.6. This phenomenon can be at-
tributed to the interactions between Fe2+ ions and Fe+3
ions, which will influence the lines shape as a result.
Based on the above characterizations, the existence of
oxygen vacancies can be clearly proved. Thus, the
chemical formula of the as-obtained product could be
described as α-Fe2O3−δ [43, 44].
According to the TEM observation (Fig. 4a), the as-
prepared sample is composed of a large number of
nanoparticles, with diameters ranging from ~5 to
20 nm. Meanwhile, the as-prepared α-Fe2O3−δ sample
is mesoporous according to the TEM observation. The
typical lattice distance is determined to be 0.27 nm for
the as-prepared sample, which corresponds to the
1014
 
lattice plane (Fig. 4b). This result further con-
firms that the as-prepared sample is rhombohedral
phased α-Fe2O3. The porous nature of the as-prepared
α-Fe2O3−δ sample is further proved by the nitrogen ad-
sorption–desorption experiment. The BET surface area
of the as-prepared α-Fe2O3−δ sample is determined to
be 54.58 m2 g−1. And the BJH pore size distribution
centers at about 6 nm, corresponding to the inter-
spaces between these nanoparticles (Additional file 1:
Figure S3).
The electrochemical behavior of the as-prepared α-
Fe2O3−δ was firstly studied by the CV measurements at
a scanning rate of 0.1 mV s−1, with the potential window
from 0.01 to 3.0 V (Fig. 5a). In the first cycle, two cath-
odic peaks at 1.6 and 0.72 V can be observed, which cor-
responds to the insertion of Li+ into α-Fe2O3−δ and the
reduction of Fe2O3−δ into metallic Fe. In the anodic pro-
gress, a broaden peak (between 1.6 and 1.9 V) and an
ambiguous peak (at 2.3 V) can be observed, correspond-
ing to the electrochemical oxidation reaction of metallic
Fe to Fe2+ and Fe3+, respectively [34]. In the second and
third cycles, the cathodic peak shifts from 0.72 to 0.79 V,
and the intensity greatly decreases, which may result
from the decomposition of the electrolyte and formation
of the solid electrolyte interphase (SEI) layer in the first
cycle [45–49]. The CV plots overlap in the following cy-
cles, indicating the excellent reversibility of the mate-
rials. The electrochemical reaction of this process can be
expressed as follows:
Fe2O3−δ þ x Liþ þ x e−→LixFe2O3−δ ð1Þ
LixFe2O3−δ þ 2−xð Þ Liþ þ 2−xð Þ e−→ Li2Fe2O3−δ
ð2Þ
Li2Fe2O3−δ þ 4−2δð Þ Liþ þ 4−2δð Þ e−→ 2Fe0 þ 3−δð Þ Li2O
ð3Þ
Figure 5b is the initial three discharge/charge curves of
α-Fe2O3−δ at a current density of 2 C. The initial dis-
charge/charge capacities for the as-prepared α-Fe2O3−δ
are 1863/1296 mAh g−1, respectively. According to previ-
ous reports, oxygen vacancies are easily re-oxidized over
Fig. 4 a TEM image of the as-prepared Fe2O3−δ and b the corresponding HRTEM image
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Fig. 5 a CV curves of the as-prepared Fe2O3−δ. b The initial three galvanostatic charge/discharge profiles of Fe2O3−δ. c Cycling performance and
coulombic efficiencies of Fe2O3−δ and commercial Fe2O3 at 2 C. d Typical charge/discharge curves of Fe2O3−δ sample during long-term cycles at
2 C. e Rate performance of Fe2O3−δ at various current densities. f Charge/discharge curves of Fe2O3−δ sample at different current densities
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time and the high conductivity also gradually diminishes
[16]. Nevertheless, the as-prepared Fe2O3−δ sample in this
work exhibits excellent cycling stability during the charge/
discharge process (Fig. 5c). On the contrary, commercial
Fe2O3 delivers a low initial coulombic efficiency and poor
cyclability. Only about 250 mAh g−1 discharge capacity
could be maintained after 20 cycles under identical condi-
tion. In initial several cycles, the electrodes of Fe2O3−δ
show a slight decrease in capacity, which can be ascribed
to the slow formation rate of complete SEI layer at high
current density. Typical charge/discharge curves of the
Fe2O3−δ sample during long-term cycles is shown in
Fig. 5d. Only slight capacity decay could be found in the
whole test process. And after 400 cycles at 2 C, the dis-
charge capacity is about 1252 mAh g−1, which is higher
than the theoretical value of hematite (1007 mAh g−1).
The excessive capacity can be explained from several as-
pects. On one hand, the materials were obtained by cal-
cination, which will lead to the formation of lattice defects
in the typical nanostructure. These lattice defects will pro-
vide more active sites for Li+ insertion/extraction, which
could improve the specific capacity of the materials [50].
On the other hand, the decomposition and reformation of
the SEI layer will also lead to the increase in capacity [51],
but the central aspect is that the introduction of oxygen
vacancies in the materials, which will provide more phys-
ical space for Li+ storage, changes the intrinsic property of
the sample and leads to the higher specific capacity than
theoretical value.
The as-prepared α-Fe2O3−δ also exhibits fascinating rate
performance during the charge/discharge cycles when the
current density increased from 0.5 to 40 C in a stepwise
manner and then returned to 0.5 C (Fig. 5e). The average
reversible capacities of α-Fe2O3−δ were 1549, 1389, 1258,
995, 848, and 556 mAh g−1 at the discharge rate of 0.5, 1,
2, 5, 10, and 20 C, respectively. It is worth noting that the
as-obtained α-Fe2O3−δ can still deliver a reversible cap-
acity of 198 mAh g−1 at a high current density of 40 C. As
the current density increased, the discharge/charge plat
becomes ambiguous, indicating the redox reaction mainly
occurred on the surface of the electrode materials other
than the inside of the material (Fig. 5f). An average dis-
charge capacity as high as 1590 mAh g−1 can maintain
when the current rate returned to 0.5 C. This result clearly
demonstrates that the as-obtained α-Fe2O3−δ is a good
candidate for the potential application as high-rate anode
materials for LIBs.
To further understand the discharge/charge storage
mechanism of the as-prepared materials, CV measure-
ments of α-Fe2O3−δ cells after 50 cycles were carried out
at different scan rates, and the corresponding is shown in
Fig. 6a. As the scan rates increase, the cathodic and anodic
peaks shift to lower and higher potentials with increasing
peak currents. The migratory peaks indicate the kinetics
of Li+ insertion/extraction at the electrode–electrolyte in-
terfaces. However, the increasing peak currents are not
proportional to the square root of the scan rate, which in-
dicates that the discharge/charge progresses are composed
of non-Faradaic and Faradaic behavior [52–54]. And the
relationship between peak current (i) and scan rate (v) can
be expressed as follows:
i ¼ avb ð4Þ
log ið Þ ¼ blog vð Þ þ log að Þ; ð5Þ
where i is the peak current, v is the scan rate, and a and
b are the adjustable parameters. The type of discharge/
charge progresses can be determined by the value of b.
When b = 1, the progresses mainly rely on pseudo-
capacitive control, and when b = 0.5, the progresses are
dependent on ionic diffusion. The linear relationship
between log (i) and log (v) is shown in Fig. 6b. The b
values (the slopes of the four lines) of the four redox
peaks are 0.97, 0.86, 0.99, and 0.77, which means the
electrochemical reactions of α-Fe2O3−δ are controlled
by pseudo-capacitive behavior. The result is in good
Fig. 6 a CV curves at different scan rates after 50 cycles. b Log (i) versus log (v) plots at different redox states of the as-prepared Fe2O3−δ
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accordance with the cycling performance. And it can also
be employed to explain the reason why α-Fe2O3−δ has a
high reversible specific capacity even cycled at 2C.
The EIS of the electrodes were performed to illustrate
the effect of oxygen vacancies in sample α-Fe2O3−δ. The
Nyquist plots of the electrodes before cycling and after
400 cycles are shown in Additional file 1: Figure S4 with a
frequency ranging from 100 to 0.01 Hz. The Nyquist plots
are composed of semicircle in the high-to-middle
frequency regions and a sloping long line in the low
frequency region. The smaller diameter of the semicircle
indicates lower contact resistance and charge transfer
resistance. The more sloping long line indicates faster
kinetics during cycles. Compared with the commercial
hematite, Fe2O3−δ delivers a lower contact resistance and
charge transfer resistance. This mainly ascribes to the
introduction of oxygen vacancies, which could be
regarded as electron donor, change the electronic struc-
ture, and facilitate the Li+ ion diffusion and electron trans-
portation. After 400 cycles, the diameter of the semicircle
became smaller and the long line became more sloping,
which indicated the lower resistance and faster ion diffu-
sion rate. This phenomenon may be ascribed to the irre-
versible reaction during discharge/charge progress, which
will lead to the formation of metallic Fe or the activation
of the electrode material and the formation of channels
for the diffusion of lithium ions [55, 56]. Moreover, the ex-
istence of oxygen vacancies in the materials also could
suppress the formation of insulated Li2O, which will lower
the resistance.
Conclusions
In conclusion, α-Fe2O3−δ nanoparticles with oxygen va-
cancies were successfully synthesized by a two-step
method incorporating a sol–gel process and following cal-
cination of the precursor. The introduction of oxygen va-
cancies into hematite exerts positive impact on the
electrochemical performance of the final product. The as-
prepared α-Fe2O3−δ shows enhanced electrochemical per-
formance and cycling stability when being used as anode
materials for LIBs. The existence of oxygen vacancies not
only provides more space for Li+ storage but also facili-
tates the transformation of electronic structure. Mean-
while, the introduction of oxygen vacancies could also
lower the contact resistance and charge transfer resistance
during the discharge/charge process, leading to the en-
hanced electrochemical performance of the sample.
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the corresponding TEM image (b). Fig. S2 FT-IR spectra of the acrylic acid
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sorption isotherm and the corresponding pore size distribution (inset) of
the as-prepared Fe2O3−δ. Fig. S4 Nyquist plots of Fe2O3−δ and commeri-
cal Fe2O3 before cycling and after 400 cycles at 2 C in the frequency
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